Sublethal toxicity tests successfully measured the improved quality of pulp mill effluents from the first cycle of environmental effects monitoring (1992)(1993)(1994)(1995)(1996) to the second cycle (1997)(1998)(1999)(2000). Test endpoints showed notable shifts to higher concentrations (less toxic). During the second cycle of monitoring, significantly more tests showed no effect in full-strength effluent. Five case studies were considered as part of this exercise. Most of the improvement came with installation of secondary treatment. Twelve Ontario mills with secondary treatment showed reduced toxicity, compared to results with primary treatment. All 29 sets of sublethal data showed higher IC25s during the second cycle, and 23 of these differences were statistically significant. Any other changes between the two cycles of study caused only marginal overall improvement in toxicity, judging by 12 freshwater mills in British Columbia which had secondary treatment during both cycles. Sublethal tests successfully predicted the zone of potential effect in receiving water, agreeing with effects observed in biological surveys. Overlapping zones from multiple discharges could also be demonstrated. In a situation near Niagara Falls, sublethal tests estimated the proportions of toxic loading that four mills contributed to one water body. The prediction was realistic; the actual toxicity found for a mixed effluent was 57% of that predicted from separate toxicities. The conservative prediction agrees with the usual less-than-additive sublethal action of combined toxicants.
Introduction
The Canadian Pulp and Paper Effluent Regulations require each Canadian pulp and paper mill to conduct a program of environmental effects monitoring (EEM). The purpose is to assess whether the national regulations protect fish populations, fish habitat, and human use of the fisheries resource, in water bodies which receive mill effluent. Results of EEM are interpreted by a weight-of-evidence approach using a suite of complementary laboratory and field tools. Measurement of sublethal toxicity in each mill's final effluent is one of the monitoring requirements for both the first cycle of EEM (1992 EEM ( to 1996 and the second cycle (summer 1997 to winter 2000) . During the first cycle, a battery of three sublethal toxicity tests was used during four consecutive quarters within the principal year of field work to assess effects on: (1) early life-stage development of fish; (2) reproduction of an invertebrate; and (3) growth of an aquatic plant. During the second cycle, three sublethal toxicity tests (fish, invertebrate, and plant) were conducted twice a year (summer and winter) for each of the three years in the cycle. The choice of tests and species depended on whether the mill discharged to a fresh or estuarine/marine water body. Data were reported to government within 90 days, and were interpreted at the end of each three-year cycle, along with results of field monitoring (EC 1997a) .
Sublethal toxicity tests complement the following other components of EEM: (a) chemical measurements in the effluent, the receiving water, the sediment, and fish tissue; (b) cages in the receiving water, of cultured or indigenous organisms; and (c) biological surveys of organisms living in the water body (e.g., macrophytes, benthic invertebrates, fish). Within EEM, the results of sublethal tests on effluent or receiving water can be used to:
1. Measure changes in toxicity over time, as a result of changes in mill process or effluent treatment; 2. Estimate the potential for effects in the receiving water; and 3. Estimate, in multiple discharge situations, the relative contributions from various sources, to any observed effects in the receiving environment.
Environment Canada has prepared written technical guidance to explain how the mills' consultants or government regulators can use sublethal data to address each of the above purposes (EC 1999 (EC , 2000 . This paper gives some examples of these applications, using sublethal data generated in Cycle 2 of EEM.
Methods and Materials
The specific test methods for Cycle 2 of EEM for the Canadian pulp and paper industry are listed in Table 1 . For each of fish, invertebrates, and plants, there are freshwater and marine options, and in some categories there is a choice of species.
Prescribed methods for some of the tests have been published by Environment Canada (last column of Table 1 ). Each method document lists the minimum reporting requirements in section 8 or 9; the toxicity data must be accompanied by descriptions of the materials, methods, and calculations. Some of the methods prescribed in Table 1 were published by the U.S. EPA (1994 EPA ( , 1995 . Although section 10 of the EPA documents describes the information to be reported, Environment Canada established minimum requirements for these methods when used in EEM.
To assist in submission of valid and high-quality data, laboratories that carried out sublethal testing were required to follow specific conditions for quality assurance and quality control (QA/QC). These conditions were outlined by Environment Canada (EC 1997a (EC , 2000 , and in the rele-vant test method documents). Regional staff of Environment Canada made quality assurance checks upon receipt of test data, before tabulating it.
For most tests, the endpoint that was used to measure effluent quality was the Inhibiting Concentration for 25% effect (IC25), i.e., that concentration causing performance which was 25% inferior to that of the control organisms. The endpoint for the rainbow trout embryo test was the Effective Concentration for 25% of the embryos (EC25). In a freshwater test, if full-strength effluent did not cause 25% inhibition/effect, then the endpoint was reported as >100% concentration. For estuarine/marine tests, lack of effect was reported as >67 to >71%, which was the highest concentration that could be tested due to the standard procedure of adding hypersaline brine to the effluent for salinity adjustment. This highest concentration range for effluents which were salinity-adjusted has been summarized in a category designated ≥60% (see Results and Discussion).
Monitoring Changes in Effluent Quality Between Cycles
Sublethal toxicity endpoints can be used to compare the quality of effluent at different times. Comparisons between results for cycles 1 and 2 were made for the complete distributions of endpoints at all Canadian mills. Such a comparison was made for each freshwater and marine test species, as illustrated in Fig. 1 and 2 in the Results and Discussion. Comparisons were based on the number of IC25s falling into each category range (i.e., ≥100%, ≥60% to <100%, ≥36% to <60%, etc.).
Another set of comparisons between cycles 1 and 2 was based on the percentage of tests showing no sublethal effect in the highest test concen- tration. This comparison was also done individually for each test species, as illustrated in the Results and Discussion (Fig. 3) . It was based on all the endpoints submitted by all mills, in a given cycle, for a given test species.
Monitoring Changes with Treatment of Effluent
Changes in Cycle 1 and Cycle 2 effluent quality resulting from new secondary treatment systems were determined in Case Study 1 by comparing IC25s for all Ontario mills which did not have secondary treatment during Cycle 1, but did have it during Cycle 2. The geometric mean IC25 for primary-treated effluent was compared with the geometric mean IC25 after treatment was installed. This was done for each species which had sufficient data, as outlined in Table 2 and illustrated in Fig. 4 of the Results and Discussion. A similar comparison of geometric means in Case Study 2 evaluated temporal changes in effluent quality at freshwater mills in British Columbia which had secondary treatment before the beginning of Cycle 1. This is outlined in Table 3 and illustrated in Fig. 5 of the Results and Discussion. In calculating the geometric mean IC25s, a test which did not cause 25% sublethal effect at any concentration including 100%, or resulted in an IC25 of 100%, was assigned, for purposes of calculation, an endpoint of 100. Although this action might seem to be biased against the industry being evaluated, that is really not the case. Assigning a value of 100% almost always means that this hypothetical IC25 is closer to the other measured IC25s, reducing the standard deviation among IC25s. The benefit to the company would be the calculation of a less toxic value for the Predicted Minimum Toxic Concentration (see below; an estimate of the most toxic level expected during extensive testing of a given effluent). Standard deviations were calculated using the logarithms of the IC25s (EC25s for rainbow trout).
Estimating Potential Effects in the Receiving Environment
The results of sublethal toxicity testing can also be used to predict the zones of potential effect in the receiving water. It is desirable to make only one such estimation from a battery of sublethal laboratory tests. To select a concentration to represent the laboratory test results there are three recommended options:
1. Use the lowest IC25 (or EC25) available from sublethal toxicity tests conducted on the effluent of a given facility. 2. Use the geometric mean of the sublethal IC25s (or EC25s) for the effluent. 3. Use the Predicted Minimum Toxic Concentration (PMTC), as calculated by a specified statistical procedure.
The first option simply applies the lowest IC25 or EC25 from a series of tests, to the concentrations expected in the plume before the effluent mixes with the receiving water (see below). This option is recommended if the mill has a good number of results for a battery of sublethal toxicity tests which reflect the current processes and effluent treatment. However, caution must be exercised to avoid using the lowest endpoint if it is a nonrepresentative outlier. That would lead to a poor, overly conservative estimate of the potential zone of effect. If this option is chosen, all the requirements for a valid test should be met, and the IC25 (or EC25) should show a narrow 95% confidence interval. For most pulp and paper mills, there were six sets of sublethal toxicity tests for each of three species during Cycle 2 of EEM. The previous four sets of tests from Cycle 1 might be added to the series if effluent quality had not changed substantially. In many cases, only the results from Cycle 2 will be useful, because secondary treatment was installed during the latter half of the first cycle.
The second option is to calculate the geometric mean of the IC25s (or EC25s) for a given species and effluent, during a particular period of testing. This can partially compensate for a low number of sublethal test results (say, fewer than 10). The standard deviation is also calculated using the logarithms of the endpoints. The anti-logarithm of the result should be taken, and that arithmetic value for the standard deviation should be reported. There must be at least three IC25s (or three EC25s, for the rainbow trout embryo test).
The third option involves a statistical procedure used with the few available IC25s (or EC25s), to predict the lowest IC25 (or EC25) that would likely occur with repeated testing of that effluent under similar conditions. This estimated value is called the Predicted Minimum Toxic Concentration (PMTC). It is defined as the concentration of effluent, below which only 5% of samples would be expected to have a deleterious sublethal effect, as estimated at the 95% level of confidence. As an alternative description, the PMTC is an estimate of a low value of IC25, such that at least 95% of the population of IC25s would be higher (less toxic), with a 95% confidence level. The procedure follows standard probability relationships on the assumption that the population has a lognormal distribution. The procedure described here has been modified from U.S. EPA (1991) . It requires at least three IC25s (or EC25s).
To calculate the PMTC, the geometric mean and the logarithmic standard deviation are calculated, as in the second option. A compensation factor is then obtained from a table of lower limits of 95% of a population (EC 1999) . The mean, standard deviation, and compensation factor are used to calculate the PMTC. This statistical approach is fairly conservative in that the estimate is affected by variation in effluent quality and by limited numbers of test results. A worked example of calculations for the PMTC is shown in Appendix D of the guidance document on application and interpretation of single-species tests in environmental toxicology (EC 1999) .
For EEM of the pulp and paper industry, each mill was required to map the plume of effluent discharge into the receiving water, to show where there was a decrease to 1% concentration. The plumes could be mapped by field measurements and/or modelling, for critical periods of low flow in rivers, or poor mixing conditions in lakes, estuaries, and oceans. The maps of effluent plumes provided in the study design for EEM (or in the interpretative report), made it a relatively straightforward exercise to compare the concentrations expected in the receiving water with the sublethal toxicity measured for the effluent.
The toxic concentration to be used in the comparison would be obtained by one of the three options described above. Whichever concentration was used, it would indicate the border of a region in which a specified effect could potentially be found for a particular species. Therefore, a potential effect zone could be defined as that area of the plume in which concentrations exceeded the selected criterion of sublethal effect. The potential effect zone for each species could be mapped onto a diagram of the effluent plume, to illustrate whether it was larger or smaller than the area of plume defined by the isopleth for 1% concentration of effluent. The procedure is further illustrated in Case Study 3 in the Results and Discussion by an example (Fig. 6 ) using sublethal toxicity data from an Ontario mill.
Understanding Effects in Multiple Discharge Situations
Estimates of sublethal toxicity can help in understanding the relative contributions of more than one industrial discharge, to effects or potential effects in the receiving water. This applies whether the discharges are from point or non-point sources (landfill leachate, bark pile runoff, etc.). Each contribution to a potential or observed environmental effect can be estimated by the technique mentioned above, of mapping a plume and estimating a potential effect zone. If plumes from different discharges overlap, more effort is required to distinguish their relative toxic contributions. An example of overlapping zones of potential effect is given in Case Study 4 in the Results and Discussion (Fig. 7) , for a situation in Ontario.
Another method of comparing inputs of sublethal toxicity from different sources is to calculate and compare the Toxic Units (TU) or the Toxic Emission Rate (TER) of each discharge. A Toxic Unit is simply an expression of the toxic strength of an effluent. In EEM, Sublethal Toxic Units would be calculated as 100% effluent divided by the defined sublethal IC25 or EC25. The TER assesses the relative toxic loading, i.e., the volume of material discharged, as well as its degree of toxicity. Using the formula TER = (Sublethal Toxic Units) × (effluent flow), the toxic loadings can be rationally compared for discharges of different volumes and different toxic strengths. Case Study 5 describes an example of TU and TER for four Ontario pulp mills discharging to a common receiving environment (Table 4 ).
The concept was tested by comparing the sum of those expected TERs to actual values of TER produced by testing a composite sample of the four effluents (Table 5 ). The analysis was restricted to results obtained for Ceriodaphnia together with effluent flows. Testing and calculations were based on expected and actual TERs for three summer seasons and three winter seasons during Cycle 2. To fully use concepts of toxic loading, dispersion of effluent in the receiving water should also be considered.
Statistical Analyses
Because there were many no-effect endpoints (IC25 > 100%), variances could not be calculated, and non-parametric statistics were used. The Mann-Whitney U test, with a criterion of P < 0.05, was used to determine significant changes in the effect-categories of effluent for each type 36 SCROGGINS ET AL. of test. The non-parametric sign test was performed on the geometric means of IC25s, to discern overall differences after installation of secondary treatment for Ontario mills and between cycles 1 and 2 for freshwater mills in B.C. Statistical analyses were conducted using Systat 7.0.
An ANOVA was conducted on the log-transformed IC25s for Ceriodaphnia tests from freshwater mills in B.C. The Ceriodaphnia data set was the only one with a high proportion of measured effects (IC25 ≤ 100%), allowing parametric analysis. (Mill 19 was omitted from this ANOVA since its data included many no-effect tests.) Separate ANOVAs on individual mills were also done for the B.C. data. 
Results and Discussion

Monitoring Changes in Effluent Quality Between Cycles
A definite trend towards improved effluent quality was shown by comparisons between Cycles 1 and 2, for the complete data sets of each freshwater and marine test species ( Fig. 1 and 2) . The toxic concentrations reported by all mills are shown in the figures. The national trend for improvement was particularly clear in toxicity levels for Ceriodaphnia, fathead minnow, Selenastrum, and inland silverside (Fig. 1A, 1B, 1D and 2B ). For those species, toxic levels for Cycle 1 tended to be distributed over a wide range of concentrations, including some low concentrations of 1 or 2% for some mills. There was only a slight tendency for higher clusters of "no-effect" results at the left side of each histogram. In Cycle 2, the histograms for these same four species show a distribution at higher concentrations (less toxic), with marked increases in no-effect results.
Results for tests with echinoderms and Champia parvula show less striking tendency for lowered toxicity in Cycle 2. No comparisons between Cycles 1 and 2 could be made for the topsmelt growth inhibition test (Fig. 2C, 3B ), since the test was not used in Cycle 1.
The opposite trend was seen in the rainbow trout embryo test, with an apparent slight worsening of effluent quality (Fig. 1C) . This is likely because the test method for rainbow trout was substantially improved after the round of testing in Cycle 1, resulting in a more responsive test. Another possible reason for the discrepancy is discussed below (see Case Study 2).
A clear national improvement in effluent quality was also shown by comparing the percentage of tests with IC25s showing no effect in full strength effluent (i.e., all tests with a given species, from all mills, that showed IC25 >100% for freshwater tests or >60% for marine tests). This trend was again most pronounced in tests with fathead minnow, Selenastrum and inland silverside ( Fig. 3A and 3B) .
The trend for improvement was also evident in the percentages of no-effect tests with invertebrates (Ceriodaphnia and echinoderms) and the alga Champia, but was less striking because percentages were relatively low in both cycles. The perception of smaller improvements shown by the echinoderm and Champia tests (Fig. 3B ) might also be partly due to changes in the method of adjusting salinity of effluents. In Cycle 1, dry salts were used to adjust salinity. In Cycle 2, hypersaline brine was used, which diluted effluents by 29 to 33% (EC 1997b) . Therefore toxicity could not be determined at effluent concentrations >67 to 71%.
The test of embryo viability for rainbow trout was the only one showing the opposite trend (Fig. 3A) . Again, that was most likely the result of the improved method for performing this test in Cycle 2. The topsmelt had no data for Cycle 1, and hence no comparison. Every other species showed improvement of effluent over the time period.
Monitoring Changes with Treatment of Effluent
Case study 1-differences with primary and secondary treatment at Ontario mills A general improvement in effluent quality was seen in the geometric mean IC25s for 29 sets of tests using three species, at 12 mills in Ontario (Table 2) . It was very evident that toxicity decreased as mills changed from primary waste treatment to secondary treatment. The convincing improvement in effluent quality is shown in Fig. 4 ; in every one of the 29 cases, the corresponding IC25 was higher for secondary treatment.
Statistical testing showed that 23 of the 29 increases were significant (Mann-Whitney U test, P < 0.05). Of the Ceriodaphnia tests at 12 mills, 9 showed statistically significant improvement of effluent toxicity, and for fathead minnow tests at 12 mills, 11 showed a significant improvement. Only 5 mills performed Selenastrum tests in both cycles, and 3 showed significant improvement; the remaining mills had used tests with Lemna minor in Cycle 1 only, and could not be compared.
The non-parametric sign test on the geometric means of the IC25s showed a significant reduction in effluent toxicity (i.e., significantly higher IC25s) between primary and secondary treatment data among Ontario mills for all three tests: Ceriodaphnia (P < 0.001), fathead minnow (P < 0.001), and Selenastrum (P < 0.05).
Case study 2-effluents from B.C. mills which had secondary treatment in both cycles A set of results for 12 mills which discharge effluent to freshwater environments in British Columbia indicates that secondary treatment was the important factor for improved effluents, not other temporal changes between Cycles 1 and 2. Temporal changes in effluent quality were much less pronounced in effluents from the B.C. mills, which had used secondary treatment during both Cycles 1 and 2 (Table 3 ; Fig. 5 ). Although there appeared to be some trend towards less toxicity in Cycle 2 for the B.C. mills, only 6 out of 34 cases were significantly different, and one of these was a significant worsening (Mann-Whitney U test, P < 0.05).
Of these 6 significant cases, 2 were for significant improvement in tests with Ceriodaphnia, out of 12 cases for this species (Fig. 5A) . Two other cases were for significant improvement with Selenastrum, out of 11 cases for this species (Fig. 5C) . No comparison could be made for Mill no. 19, which had used Lemna minor for testing in Cycle 1. Two of 11 cases were significantly different for the rainbow trout embryo test (Fig. 5B) . One of these was a significant decrease in effluent quality at Mill no. 13, instead of an increase. Changes in test methods probably made the rainbow trout test more sensitive during Cycle 2, as indicated above, and results for the other two species might be more dependable. Only 11 mills were compared for the rainbow trout test because Mill no. 18 used tests with fathead minnows in Cycle 1. It should be noted that for the 63 Ontario and B.C. tests, at P < 0.05, chance alone would be expected to produce 3 to 4 significant differences (i.e., false positives).
For the B.C. mills, only Ceriodaphnia showed an overall statistically significant difference between data for Cycles 1 and 2 (P < 0.01, nonparametric sign test on the geometric mean of IC25s). The ANOVA conducted on the log-transformed IC25s for Ceriodaphnia also showed that there was an overall difference between results for Cycles 1 and 2 (P < 0.001), and that clear differences existed between mills (P < 0.001). The interaction term (Mill × Cycle) was not significant (P = 0.58). This confirmed the abovementioned non-parametric result for these data (sign test). Individual ANOVAs on a mill-by-mill basis indicated significant cycle effects only for Mills 13 and 20 (P < 0.05), also in agreement with the non-parametric tests (Mann-Whitney U).
The Ontario data demonstrate the obvious benefit of secondary treatment. Although a major improvement in effluent quality between cycles was not observed in B.C., where mills had secondary treatment in both cycles, the data for reproduction of Ceriodaphnia demonstrate that further improvements in effluent can result from process changes. Most of the variability reflected in the standard deviations (Tables 2 and 3 ) is due to variability in effluent quality but in the case of the Selenastrum test, nonstandardization of the test method may also contribute to some of the variability observed.
The effectiveness of sublethal toxicity tests in identifying a trend in effluent quality is evident from the analysis given above. The same effectiveness was seen by others, in data from Cycle 1 of EEM for the Canadian pulp and paper industry (EC 1997a). Between 1992 and 1996, many Canadian mills upgraded effluent treatment systems or built new components, to meet requirements for suspended solids, biological oxygen demand (BOD), and the absence of acute lethality to rainbow trout. In many cases, as a new or improved treatment system became operational, a decrease in sublethal toxicity was evident in the next period of effluent testing. Combining results for all effluents receiving secondary treatment showed clearly lowered toxicity compared to effluents having only primary treatment or recently implemented secondary treatment (EC 1997a).
Estimating Potential Effects in the Receiving Environment
Case study 3-estimating the zone of potential effect for an Ontario mill Sublethal toxicity results can be used to estimate zones of potential effect in the receiving environment. An example uses data from cycles 1 and 2 for the Tembec mill in northern Ontario (Fig. 6) . Effluent from this mill had received secondary treatment during both cycles of EEM. The concentrations of effluent in the plume are based on conductivity measurements taken in a 1998 field survey (ESG 2000) . The appropriate endpoints for estimating the potential effect zones for Ceriodaphnia and fathead minnow are the lowest IC25s from cycles 1 and 2 combined since secondary treatment was in place for both cycles. The values are 4.8 and 10.6% respectively, as tabulated in the box within Fig. 6 . For Selenastrum, only six sublethal results were available, all from Cycle 2. The endpoint in this case would be the geometric mean of those IC25s, following guidance from Environment Canada (EC 1999) on dealing with fewer than 10 observations. Applying those values, the largest estimated potential effect zone is for Ceriodaphnia (approximately 800 m from the effluent diffuser). There are considerably smaller zones of potential effect for fathead minnow and Selenastrum (approximately 100 m or less). The Predicted Minimum Toxic Concentration (PMTC) was also calculated for Selenastrum (see table within Fig. 6 ) but was considered too conservative for estimating the zone of potential effect.
Any program of EEM must consider the total spectrum of available information, not only the extrapolated results for toxicity tests on effluent(s) or receiving water(s), but also the results of biological surveys and chemical measurements. The evaluation must take into account the nature, location, and magnitude of changes in the receiving environment. At a minimum, observed effects should correspond spatially with the direction of flow of the effluent plume and should diminish in magnitude with distance from the outfall. Furthermore, effects attributed to the effluent should correspond at least approximately with the estimated toxic strength of the effluent. The effect assumed to result from exposure to effluent should not extend very far beyond the points in the plume where concentrations would decrease below the lowest IC25. Sublethal toxicity predictions often correlate well with observations on sedentary organisms such as the benthic invertebrates (Sprague 1997; U.S. EPA 1999).
Two indices from benthic surveys showed significant (α = 0.05) effluent effects in the benthic near-field stations downstream of the Tembec mill outfall with increased abundance at 100 m and decreased evenness at 200 and 400 m (ESG 2000) . Clean-water insects (Hexagenia) were predominant at the benthic reference station, although the EPT index was not significantly different from the downstream stations. Therefore the greatest impact on the benthic community was observed at the near-field stations and corresponds approximately with the estimates from Ceriodaphnia and Selenastrum sublethal toxicity tests that the zone of potential effects for invertebrates would extend to between 100 and 800 m downstream of the outfall.
There is substantiation in other studies from Cycle 1 EEM, that a fairly good relationship exists between surveys of benthic invertebrate communities, and predictions from sublethal tests on the effluent. This is shown by studies at 17 pulp and paper mills in the Atlantic Region. In 12 out of 12 marine studies and 3 out of 4 freshwater studies, sublethal tests correctly predicted effects on the benthic community. The relationship was not as strong, between sublethal toxicity and health indicators for adult fish, mainly because of inadequate catches during surveys and inability to confirm exposure to mill effluent (Parker and Smith 1997) . A review of the literature found 63 studies that were suitable for comparing results of sublethal effluent tests and effects in the aquatic communities receiving the effluents. Of these, there were 53 cases of agreement and 10 cases of disagreement, for an overall 84% rate of agreement (Sprague 1997) . That degree of correlation might not hold for pulp mills if historical discharges had resulted in significant zones of deposited wood fibre and bark, because habitat alteration might be the dominant factor in determining the zone of potential effect.
Understanding Effects in Multiple Discharge Situations
Case study 4-demonstrating overlapping zones of potential effect for multiple effluent discharges The previous descriptions have assumed an absence of significant sources of toxicity from other discharges. If there were overlapping effluent plumes, however, the potential combined effects would have to be accommodated in any interpretation of mill-related field effects. Such was the case for industrial discharges to the Kaminisitiquia watershed in the Thunder Bay region of Ontario during Cycle 1 of EEM. Zones of potential effect overlapped at the mouth of the Mission River, for the pulp mills of Bowater and Abitibi-Consolidated and the generating station of Ontario Power Thunder Bay, based on effluent tests with Ceriodaphnia (Fig. 7) .
The predicted zone of effect for the Bowater mill extended down past the mouths of the Mission, McKellar and Kaminisitiquia rivers (Fig. 7) and agreed with effects found in Mission River surveys of benthic communities. Pollution-tolerant organisms, particularly tubificid worms, were in high abundance during Cycle 1, as far downstream as the mouth of the Mission River (BEAK 2000) .
For the Abitibi-Consolidated mill, the zone of effect predicted from sublethal tests with Ceriodaphnia was also corroborated by surveys of the benthic fauna during Cycle 1. Communities within the zone were dominated by several pollution-tolerant oligochaete species, whereas the reference areas had species associated with pristine environments (BAR 1996) .
With such overlaps of three plumes, it is obvious that extra care and study would be required to assign causes for any observed effects. Plotting of the zones of potential effect gives warning of these complex situations.
Procedures are available for estimating the toxic contribution of each discharge in such a situation of overlapping zones. Effects discerned in the overlaps by surveys of benthic invertebrates could not be attributed to a particular discharge. The contribution of each discharge could be quantified, however, by applying a toxic loading approach to results of sublethal toxicity testing (see Case Study 5 below). As an additional step, samples of surface water from more strongly affected locations in the overlap could be tested for sublethal toxicity, to estimate the combined toxic contribution of the sources. Both U.S. EPA (1991) and EC (1999) recommend procedures for separating individual sources of toxicity when plumes overlap.
For the situation at Thunder Bay, there were dramatic improvements in effluent quality and reductions in the estimated zones of potential effect during Cycle 2 (see Fig. 7 ). Additional effluent treatment had been installed at the two mills in 1995. The IC25s for inhibition of reproduction in Ceriodaphnia improved from 2.3 to 20% effluent and from 0.4 to 43.6% at the two pulp mills (geometric mean results). Below the Bowater mill, improvement in the benthic invertebrate communities was consistent with the improved effluent quality and toxicity results. Numbers of invertebrate taxa were higher, and mean numbers of individuals were lower in the exposure areas, both indications of a healthier community (BEAK 2000) . Surveys around the Abitibi-Consolidated mill also showed improvements in Cycle 2. The estimated zone of potential effect became quite small (Fig. 7) , and field surveys confirmed that significant effects were localized near the outfall. A station (no. 8) that had been in the outer regions of the affected zone during Cycle 1 ("far-field") now showed the presence of some clean-water sphaeriids and amphipods, and there was evidence that any degradation was minor (Portt 2000).
Case study 5-quantifying the toxic load of multiple effluent discharges In the Niagara region of Ontario, there are three pulp mills (i.e., Abitibi-Consolidated -Thorold Division, Interlake Acquisitions, and Domtar Papers Inc. in St. Catharines) that discharge effluent to a common watercourse, the old Welland Canal, and eventually Twelve Mile Creek. A fourth mill, formerly Gallaher Thorold Paper, also discharged into this watercourse until the mill closed in the spring of 1999. The best approach for evaluating this situation is to apply the concepts of Sublethal Toxic Units (STU) and Toxic Emission Rates (TER). IC25s were available for Ceriodaphnia tests at each mill during Cycle 2 (Table 4) . Converting each IC25 to Toxic Units (i.e., 100/IC25) and multiplying by the flow of effluent at the time of sampling, provides an estimate of the toxic loading to the environment (TER). The toxic loading from the various mills can now be compared for each sampling period in Cycle 2.
During the testing rounds of summer 1998 and winter 1999, the toxicity of the Gallaher mill effluent increased dramatically, producing Toxic Units of 58.8 and 31.3, and order-of-magnitude increases in TER (Table  4) . Although the Gallaher mill discharged only 22 and 13%, respectively, of the total volume of effluent discharged by the four mills during these two sampling periods, it contributed 94 and 70% of the TER. The Gallaher mill shut down before the next sampling period in summer of 1999, and TER from the remaining three mills dropped to 40% of TER in the previous period.
The relative importance of individual toxic contributions, in any such situation of multiple discharge to a single water body, can be evaluated by tabulating sublethal data in the fashion of Table 4 . The key item for evaluation would be the individual TERs, in relation to the total TER from all sources. In Table 4 , it can be seen that the first listed mill tends to be a large contributor of TER, and the last two mills tend to be lower contributors, but there is major variation from season to season at all mills.
The validity of the TU and TER concepts was evaluated by testing a flow-proportioned composite sample of the four mill effluents, at all six sampling periods in Cycle 2 (Table 5 ). For five of the six periods of testing, the actual TERs from testing the composite samples were lower than the sum of the individual TERs (i.e., expected values derived by adding individual TERs of the four mills). On average, the actual TER was 57% of the expected TER. This conforms with findings in toxicological research that joint sublethal toxicity of mixtures is usually less-than-additive, i.e., "most chemicals with similar modes of action range from additive to half-additive" (EC 1999) . In other words, the theoretical method of adding individual TERs is conservative, yielding a protective estimate, which is more desirable than underestimating toxicity of mixtures. Some of the apparent loss of sublethal toxicity might also have resulted from aeration or other procedural manipulations in preparing the composite sample for testing.
Conclusions
Actual situations of discharge from pulp and paper mills, evaluated in the program of EEM, clearly illustrate the application of sublethal toxicity tests to measure temporal changes in mill process or effluent treatment, to estimate potential effects in the receiving water and to estimate relative contributions from individual sources of a multiple discharge situation.
Based on the data for sublethal toxicity tests summarized here, there has been a national improvement in effluent quality at Canadian pulp and paper mills between Cycle 1 and Cycle 2.
A comparison of 12 Ontario mills showed that after installation of secondary treatment, between Cycles 1 and 2, there was a statistically significant improvement in effluent quality. Nine mills showed less sublethal toxicity in the Ceriodaphnia test, and eleven mills showed less toxicity in the fathead minnow test.
In 12 mills in British Columbia which had secondary treatment in both Cycles 1 and 2, there appeared to be some trend towards less sublethal toxicity in Cycle 2, but not the major change that was evident for the Ontario mills. Secondary treatment was apparently a major factor in lessening toxicity.
The zone of potential effect in the receiving water, estimated from sublethal toxicity data for an Ontario mill, agreed with effects observed in a survey of the benthic invertebrate community.
At a site in Thunder Bay, Ontario, involving discharges from two pulp mills and a generating station, the zones of potential effect were shown to overlap on the basis of tests of Ceriodaphnia reproduction. The overlap disappeared in Cycle 2, after the installation of secondary treatment at the mills.
Four mills in the Niagara region previously discharged to the old Welland Canal. One mill contributed as much as 94% of the toxic loading to the water body during a sampling period in 1998, although its volume of effluent was only 22% or less. The actual toxicity of a proportionally
